We report the first practical results on design and characterization of adaptive microbolometers with a thermally tuned responsivity. Such devices are needed to simultaneously image scenes that contain objects at ambient and extremely hot temperatures. In the high detectivity state, the microbolometers are operated similar to standard commercial devices. In the low detectivity state, portions of the support beams are brought in contact with the substrate, which thermally shorts the devices on a pixel-by-pixel basis. This is the first time this concept has been practically implemented in a microbolometer device architecture as opposed to simple cantilever beams and plates. The maximum actuation voltage is set to 17 V, and the thermal conductances, responsivities and detectivities of a typical device can be switched more than an order of magnitude between 1.65 × , respectively. This extends the dynamic range of the device more than an order of magnitude. The device pixel size is 100 µm ×100 µm.
Introduction
Photon detectors based on small bandgap materials such as Hg 0.8 Cd 0.2 Te (MCT), InSb and others have been studied and commercialized primarily for military and space science applications [1] . These photon detectors have very high performance but require cryogenic cooling systems to reduce parasitic dark currents.
With the advent of micromachining technology, it was realized that sufficiently high performance could be achieved with uncooled detectors that operated based on the heating of a small mass. Several classes of devices for reading the rise in temperature were developed. First and most prominent of these was the bolometer [2, 3] but also developed were pyroelectric detectors [4] , thermoelectric detectors [5] and others [6] . The cost and weight of these devices are dramatically reduced compared to infrared photon detectors because cooling is no longer needed and because the materials involved are much easier to work with. For example, Wood et al [2] reported high-quality infrared imaging in an infrared focal plane array using a monolithic silicon-based process.
Recent studies have attempted to improve the performance of the basic microbolometer by developing high temperaturecoefficient-of-resistance (TCR) materials such as high-T c superconductor (YBaCuO [7] ), vanadium oxide [8] and so on [9, 10] . Also new device structures have been proposed to enhance sensitivity [11] , thermal isolation [12] and array fill factor [13] . Furthermore, new devices using built-in thermal chopping have been proposed [14] [15] [16] including a focal plane array with a built-in thermal chopper and a two-color thermal detector with a built-in thermal chopper.
Typical thermal detectors are designed for high thermal isolation, and this makes them extremely receptive to small differences in background temperature. However, high sensitivity potentially has drawbacks when a scene contains very bright areas that may result from fires, explosions or engine operation. For example, microbolometer arrays that are tracked across the sun develop a temporary afterimage or blindness that diminishes over a period of many minutes to a few hours. One of the causes for this is that the most common TCR material in microbolometers, vanadium oxide, is thermochromic, meaning that its absorption and resistance properties change if the microbolometer is heated higher than a semiconductor-metal phase transition temperature of about 68
• C [17] . Since many microbolometers heat up by about 100
• C when imaging a 3000 K signal, which is typical of many fires, one can see that thermochromic transitions can be frequent. In addition, special electronics must be used to amplify the signals at the edges of the array in order to handle such a large dynamic range. Intensity-dependent noise and device damage are other possible issues. Previous research in our group has shown that the thermal conductance [18] of micromachined beams and plates can be tuned both continuously and discretely. Continuous tuning of the thermal conductance was demonstrated over a factor of 3 and discrete tuning over almost two orders of magnitude. While these initial studies were suggestive, no electronic devices were built to take advantage of the effect.
In this paper, we report a microbolometer device architecture that incorporates an adaptive responsivity [18] . These are the first array-compatible microbolometer devices to use microactuation to tune device thermal conductance on a pixel-by-pixel basis. This is a significant innovation in both concept and function because it prevents thermal runaway in microbolometers due to intense signals and allows one to see in detail both 'hot' and 'cold' regions of a scene in the same focal plane array. The required actuation voltage to change responsivity is only 17 V, making the devices compatible with common change pumping circuits. For simplicity, the bolometers are operated to have a binary responsivity: high and low for cool and hot signals, respectively. However, if one supplied multiple voltages to the devices, a variety of responsivities would be possible. The devices do not require major changes to standard commercial architectures but rather use an already existing electrostatic actuator between the ground electrode and detector plate to bring a small area of the supports into contact with the substrate, thereby increasing the device thermal conductance.
First, we discuss the basics of an adaptive microbolometer in the background. Then, the fabrication of the device is explained in detail. To fully characterize this adaptive microbolometer, measurements of the thermal conductance, responsivity, detectivity and noise equivalent power have been made with and without electrostatic actuation.
Principles of bolometer operation
The responsivity of a thermal detector is expressed as
where α is the TCR, I is the bias current, R 0 is the resistance of the detector at ambient temperature, T is the temperature increase of the bolometer, P i is the power of the incident radiation, η is the fraction of the incident radiation absorbed, G is the thermal conductance of the microbolometer, ω is the frequency of the sinusoidal excitation and τ is the thermal time constant. Since the responsivity as shown in (1) is inversely proportional to its thermal conductance, the detectors must be thermally isolated from their surroundings. As implied in the previous section, a good thermal isolation can be achieved by having a vacuum gap between the sensing element and the substrate with only thin support beams connecting them. In vacuum, absorbed heat on the pixel plate from the incident radiation dissipates to the substrate through the support beams. With this, the thermal conductance for the device in the radiation limit can be written as
where G is the thermal conduction through two support beams, k is the thermal conductivity of a support beam, A is the vertical cross-sectional area of a support beam and L is the length of a support beam. The factor of 2 comes from the two support beams of the devices. Based on (2), we can reduce the thermal conductance by using materials with low thermal conductivity and having long support beams with a small cross-sectional area. To ensure that the thermal conductance is determined by the support design, detector arrays are packaged under low vacuum conditions in hermetically sealed packages.
Since the thermal conductance of a typical microbolometer is limited by the solid-state conduction of the supports, conductances are on the order of 10 −7 W K −1 for commercial systems. In theory, the conductance of a microbolometer can be reduced so that it is limited by radiation, obtaining a value on the order of 10
. Since it has been shown that the thermal conductance across a microactuated interface is on the order of 10
, the fundamental limit of thermal conductance tuning is almost four orders of magnitude. In practice, stiction in the high conductance state is likely to limit the maximum thermal conductance tuning that can be achieved to one or two orders of magnitude.
The performance of a detector can be also determined by its detectivity, which indicates the relative magnitudes of the signal and noise at operating frequencies. The detectivity can be calculated from the expression
where R V is the responsivity, A is the area of a pixel plate, f bandwidth is the electrical bandwidth and V 2 noise is the mean square value of the fluctuating noise voltage.
As the last important figure of merit, there is the noise equivalent power (NEP) defined as the absorbed power change which corresponds to a signal-to-noise ratio of unity. The NEP is obtained by measuring the noise voltage and the responsivity as shown in (4)
where V 2 noise is the mean square value of the fluctuating noise voltage and R V is the responsivity.
The devices constructed for this study were microbolometers that used an inherent electrostatic actuator to bring its support beams into partial contact with the substrate as shown in figure 1. This induced a large change in the thermal conductance of the devices which directly led to similar changes in responsivity and detectivity. The thermal contact conductances of the material interfaces used in micromachining are high enough [19] so that touching a small portion is sufficient to cause dramatic changes in Figure 1 . Conceptual diagram of a tunable responsivity microbolometer. In (a), the device stands in a state of low thermal conductance and high responsivity. In (b), the device supports have been actuated into contact with the substrate, creating a high thermal conductivity and low responsivity state. In practice, only the edge farthest from the ground support contacts the substrate to prevent stiction.
detectivity. While total thermal contact could change the potential dynamic range by four orders of magnitude [20] , most imaging requires only a fraction of this range. Partial contact also helps to eliminate stiction during operation. Relatively low actuation voltages can be used due to the low rigidity of the supports.
Fabrication

Building the foundation layer and the first sacrificial layer
As the first step, a 500 nm LPCVD silicon nitride layer is deposited on the top of a highly doped silicon wafer for electrical insulation as shown in figure 2(a) . Then, PI2610 polyimide (HD Microelectronics) is spin coated as the first sacrificial layer. Polyimide is used in lieu of a typical silicon dioxide because HF used in etch release also etches PECVD nitride, which is used as the structural layer later. To improve the adhesion between the PI2610 polyimide and LPCVD nitride, 0.1% VM-651 diluted in DI water is spin coated at 5000 rpm for 60 s, and baked at 125
• C before applying polyimide. For uniform spin coating of polyimide, polyimide is spin coated at 500 rpm for 20 s, and then the spin rate is ramped to 4000 rpm to get a thickness of approximately 1.8 µm. To improve the etching efficiency of PI2610 polyimide in O 2 plasma, polyimide is fully cured in a convection oven.
To prevent the polyimide film from deformation due to a sudden change in curing temperature, polyimide is baked on the hotplate at 90
• C for 3 min and then at 180
• C for 90 s before curing in a convection oven. Finally polyimide is loaded to a convection oven, where temperature is initially set to 180
• C to match the temperature before loading. The temperature is increased at a rate of 4
• C min −1 up to 400
• C. Note that the bulk of the solvent in the polyimide is evaporated at the curing temperature of 200
• C. However, in our process, some still remains and polyimide is cured at a higher temperature than 200
• C, because of further process issues such as outgassing during PECVD nitride deposition, bubble forming during the annealing process and so on. Furthermore, N 2 gas is introduced in the convection oven to prevent any surface reactions. During the curing process, the thickness of the polyimide decreases to approximately 1.5 µm. The polyimide is patterned by using a 300 nm thick aluminum masking layer which is evaporated and patterned using a liftoff process. The polyimide is etched with an O 2 plasma to form anchor points. During etching, the substrate is heated to 300 • C to accelerate the etch rate as well as prevent the formation of residue. Finally the aluminum layer is completely etched in aluminum etchant.
The support beams and their metallization
For the structural material, PECVD nitride is chosen for two reasons: PECVD nitride has a relatively low thermal conductivity compared to LPCVD nitride film. Also, it is easy to control stress in PECVD nitride by changing process parameters such as temperature and pressure [21, 22] . To form support beams, a 500 nm thick PECVD nitride is deposited on the top of patterned polyimide and etched using a CF 4 +O 2 plasma as shown in figure 2(b) . We determined the shape that yields the lowest actuation voltage by designing and testing several shapes and lengths of support beams. To ensure a low resistance for electrical read-out, the support beams are coated with 50 nm of Ti as an adhesion layer and 300 nm of Au as a conducting layer by e-beam evaporation. These layers are patterned by lift-off. Due to the poor step coverage of the sidewall between the anchor and the edge of the support beams, a 50 nm of Ti and 1 µm of Au layer is deposited on the sidewall of anchor.
The second sacrificial layer and the vias
A second polyimide layer plays an important role in isolating the pixel plate from the support beams. As shown in figure 2(c), the second polyimide layer is processed in the same manner as the first. After curing, it is etched to define vias between the Ti/Au and the TCR material (Ti) of the pixel plate. The contact between Ti/Au and the TCR material through the vias is very important, because it enables the reading of the resistance change of the TCR material. Therefore, etching of polyimide is done very carefully so that there is no polyimide residue on the top of Ti/Au after etching. The polyimide is etched in an O 2 plasma with the substrate heated to 300
• C, as was done for the first polyimide layer. The complete etching of polyimide was verified by measuring the resistance of the contact between Ti/Au and the TCR material. For example, the contact resistance would be higher with the existence of the polyimide residue.
Top and bottom layers of the pixel plate and the TCR layer
The pixel plate consists of two PECVD nitride layers which encapsulate the TCR layer as shown in figure 2(d ) . This structure helps to protect the TCR layer from moisture and other contamination. A 200 nm thick PECVD nitride is deposited on the top of the second patterned polyimide layer and etched in an STS etcher using a CF 4 +O 2 plasma. This defines the vias from the Ti/Au metal of the support beams to the 100 nm Ti metal TCR layer, which is deposited using e-beam evaporation. To encapsulate the Ti layer, another 200 nm of PECVD nitride is deposited. The two PECVD nitride layers and the Ti layer are patterned and etched in a CF 4 +O 2 plasma using the STS etcher to form pixel plates with a size of 100 µm × 100 µm. In the final step, the double polyimide layers are isotropically etched in an O 2 plasma with substrate heating at 300
• C to release the pixel plate and its support beams from the substrate. During this etching process, we found that the polyimide layer around the vias was not easy to remove due to the small gap. This limited to achieving the thermal conductance value we expected. This might be improved by adding a thick Ti metal layer before TCR layer deposition to increase the gap around the vias. This would enhance the detectivity to its theoretical values by achieving a good thermal isolation of the devices. A completed pixel and a 4 × 4 test array with a fill factor of 91% are shown in figures 3(a) and (b), respectively. Typical device characteristics are given in table 1.
Measurement
The thermal conductances of the devices were measured under vacuum (<10 mTorr) using a standard electrical method described in [23] . In this technique, a current is run through the detector plate which heats the device and changes the device resistance. The amount of heating caused by a given current depends on the thermal conductance of the device, which is extracted from a plot of 1/R versus I 2 . Responsivity and detectivity measurements were also made. The experimental setup is shown in figure 4 . A semiconductor laser of λ = 658 nm was used to optically heat the device. The laser is directly modulated at different frequencies instead of using an external chopper. The laser beam was collimated and passed through a 1:1 beam splitter with one beam incident on a photodetector and the other incident on a pixel of the device. The power of the incident light on the pixel was obtained by monitoring the power on Specific heat of PECVD nitride 1.31-1.73 J g
Heat capacity of device 2.55 × 10 −8 J K the photodetector where a pinhole aperture of similar size to the pixel under test was placed in front of it. The device was biased with a current of 100 µA using a constant current source to read an output voltage of the device. The microbolometer output voltage was amplified using a PARC113 preamplifier and then fed into the lock-in amplifier. For the calculation of the detectivity, the voltage noise in the frequency of interest was measured using an HP35660A dynamic signal analyzer.
Results and discussion
Tunable thermal conductance
As mentioned in the previous section, a thermal conductance of a typical device was extracted from the plot of 1/R versus I 2 as shown in figure 5 . In an unactuated state, a typical device gives a thermal conductance, G = 1.68 × 10 −5 W K −1 . This is much lower value than the designed thermal conductance of 7 × 10 −7 W K −1 in its unactuated state. There are two possible reasons for this. First the vacuum level in our apparatus was only able to go to 10 mTorr, which places it in the transition zone between air and solid-state limited conduction. It is The snap down and restoration of the support beam happens at the moment of turn-on/off of power supply, but the numerical value for the actuation time was not measured. Given the size of the device, the mechanical resonance is expected to be the order of 10 kHz, making a transition time of the order of 1 ms or less.
Tunable responsivity
The responsivity of the same device from figure 3(a) is shown in figure 6 . The responsivity varies by over an order of magnitude from 1.5 V W −1 to 0.2 V W −1 (the absolute values are low, but explained by the artificially low responsivity described previously), when the support beam of the device snaps down at a voltage of 17 V. In commercial devices, one would likely use vanadium oxide instead of Ti because of its higher TCR and place a special absorption layer rather than counting on the intrinsic absorption of titanium and PECVD nitride at λ = 658 nm. These factors represent limitations of our available fabrication processes rather than the architecture itself. In figure 3(a) , the reponsivities of the device taken at frequencies below 10 Hz are not plotted because of high scatter and too high 1/f noise.
Detectivity characterization
Once the responsivity had been measured, the noise spectrum of the devices was obtained directly from the signal analyzer and used to extract the detectivity as described in (3) . Figure 7 shows the detectivity versus frequency of the same device as in figure 3(a) . The detectivity varies more than an order of magnitude between 1.8 × 10 6 cm Hz 1/2 W −1 and 1.5 × 10 5 cm Hz 1/2 W −1 , at 0 V actuation and 17 V actuation, respectively. As mentioned above, the detectivities below 10 Hz were not plotted because of difficulties in measuring 1/f noise at extremely low sampling rates, which made the uncertainty in the detectivity values very large. This problem might be solved by replacing the Ti TCR material with VO x , because VO x gives a relatively low 1/f noise characteristic at low frequency range [6] as well as a high TCR of −3.0% K −1 at room temperature [2] . In this measurement, Johnson noise was around 120 nV Hz −1/2 , which is somewhat higher than in typical microbolometers. This noise will be reduced in the future with a high TCR element and a low-noise resistor for electrical read-out.
Lastly, the NEPs of adaptive microbolometers have been measured versus frequency in high and low sensitivity states with a bias current of 100 µA as shown in figure 8 . The lowest NEP of 5.6 × 10 −8 W Hz −1/2 was obtained in an unactuated state. This is higher than in commercial microbolometers, but reasonable for the responsivity and TCR material of our devices. At higher frequencies, NEPs for both states converge.
The devices described are the first microbolometers made with a fully adaptable detectivity, but they have a relatively low performance relative to commercial devices. In particular, the device was designed to have a much lower thermal conductance of 7 × 10 −7 W K −1 than measured in its unactuated state.
This would directly translate to another 1.2 orders of magnitude improvement in responsivity and detectivity. In particular, it is suspected that the top layer of polyimide between the plate and the support beam was not fully removed during etch release. This will be corrected in future processing. In addition, the performance could be further improved by using vanadium oxide instead of titanium as the TCR layer.
Commercial VO x has a TCR that is approximately −2% K −1 compared to a TCR for Ti of approximately 0.2% K −1
as shown in figure 9 . VO x also has a very low 1/f noise. With these changes, the architecture presented here could provide commercial thermal imaging performance with full intensity adaptivity, extending the dynamic range of presentday microbolometers by at least an order of magnitude.
Conclusions
Adaptive microbolometers in which thermal conductance, responsivity and detectivity are electronically controlled have been made. These bolometers have been designed to have extended dynamic range to handle both very hot and cool areas within the same image. For characterization of the devices, the thermal conductance, responsivity, detectivity and NEP have been measured versus frequency in high and low sensitivity states. The high sensitivity state corresponded to normal microbolometer operation. In the low sensitivity state, a portion of the support beam was actuated to be partially in contact with the substrate and thereby increased the thermal conductivity and reduced the detectivity. We reported that the thermal conductance of a typical device could be changed by 1.25 orders of magnitude, the responsivity by one order of magnitude and the detectivity by 1.2 orders of magnitude with the minimum NEP of 5.6 × 10 −8 W Hz −1/2 in the high sensitivity state.
